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Abstract
Ageing is a complex process that generally is considered as the loss of function over
time. Sarcopenia is the age-related loss of muscle function that can cause a variety of difficulties
late in life. Finding nutritional supplements to delay sarcopenia is therefore valuable. betaHydroxy beta-methyl butyrate (HMB) has been theorized to be a potential supplement to delay
sarcopenia. HMB previously has been shown to delay the loss of flight ability in Drosophila
melanogaster and to extend lifespan. The molecular mechanism for either of these effects has yet
to be established. This study used the GAL4/UAS system to create a constitutively active S6K
(a signaling molecule in the Target of rapamycin (TOR) pathway) strain of Drosophila. S6K
was selected because of its role stimulating protein synthesis when phosphorylated by TOR. Its
expression was primarily driven in the muscle using the 24B promoter because of the HMB’s
effect previously seen on flight ability (a proxy for muscle function). HMB supplementation in
this strain did not show a statistically significant delay in the loss of flight ability. Two of the
control lines did show a statistically significant delay in the loss of flight ability (24B/GAL4
Males p=0.0387, week 4) (UAS/dS6KSTDETE p=0.0215, week 3). HMB supplementation showed
no effect in any test on lifespan. To test if either of the two effect of HMB were due an indirect
effect of HMB causing diminished food intake, this study also made a preliminary attempt to
determine if HMB causes differential food intake (a control not yet previously done). There was
evidence that HMB affects feeding habits under certain experimental conditions (6 hour starved
male flies, p = 0.0250). The results of this study suggest that HMB does work through TOR/S6K
to delay the loss of flight ability and does not suggest an effect of HMB on lifespan; differential
food intake could be a compounding variable in these results and future work should continue to
address this.
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Objectives
The first objective of this study was to determine if the effects of beta-Hydroxy betamethyl butyrate (HMB) on Drosophila are mediated through the Target of rapamycin
(TOR)/S6K pathway. Previously, HMB had been seen to delay loss of flight (a proxy for muscle
function) and prolong lifespan in Drosophila. By using the UAS/GAL4 system we intended to
create a Drosophila strain that produced constitutively active S6K in muscle. By supplementing
this strain with HMB we intended to see if HMB works through this pathway. If HMB is to be
used as a supplement to delay sarcopenia in humans, it is important to determine its molecular
mechanism.
The second objective of this study was to test if HMB alters Drosophila’s food intake.
This type of control is often left out in Drosophila because of the difficulties in comparing food
intake. Nevertheless, it is important to determine any differences in food intake when testing the
effects of a nutritional supplement because differential food intake can affect the lifespan of the
flies.
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Introduction
Ageing is a common process throughout Biology. Sarcopenia (the age related loss of
muscle mass) is one of the main problems that come with ageing. Nutritional supplementation
has been looked at to delay sarcopenia and HMB has been identified as a potential supplement.
HMB has been shown in Drosophila (a common model organism for geneticists) to delay the
loss of flight ability and increase lifespan (Beattie, 2013, 2014). The mechanism for these two
effects has not been established but could be through the TOR pathway, commonly known as
“the nutrient sensing pathway”. It has not been established if HMB causes an increase, decrease
or no change to food intake in Drosophila. Nevertheless, if HMB feeding causes intercellular
amino acid imbalance this could mimic signaling that causes the extension of lifespan.
Ageing
Ageing is commonly described as the loss of function over time for an individual
organism. Ageing is a complex process that is not fully understood. The free-radical theory of
ageing suggests that over time oxygen radicals build up in the cells causing damage to signaling
proteins and causing cellular senescence (Finkel & Holbrook, 2000). This theory is commonly
thought to be similar to the rate-of-living hypothesis which correlates high metabolic rates to
short life spans (Finkel & Holbrook, 2000). This link is because mitochondria uses the most of
the intercellular oxygen and therefore produces most of the oxygen radicals (Finkel & Holbrook,
2000).
Despite the complexities of ageing, single gene mutations have been able to increase
lifespan in laboratory species (Partridge, Alic, Bjedov, & Piper, 2011). Genetic changes to S6
kinase (S6K) in the TOR pathway in both C. elegans and Drosophila have been shown to
increase lifespan (Kapahi et al., 2004; Kenyon, 2010). Rapamycin inhibits TORC1, increases
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autophagy, knocks down protein translation and causes lifespan extension in Drosophila,
although the precise relationship between TORC1 and the lifespan extension has yet to be
elucidated (Bjedov et al., 2010). Rapamycin does not increase autophagy and lifespan when
S6K is constitutively active (Bjedov et al., 2010).
It is important to note that genetic changes in other pathways have been shown to extend
or shorten lifespan. For instance, over-expression of dFOXO in the fat body of Drosophila has
been shown to increase lifespan (Giannakou et al., 2004). The first genetic pathway that was
discovered to affect lifespan was the Insulin/Insulin Growth Factor-1 (IGF-1) pathway (Kenyon,
2010). Ageing has been slowed in C. elegans when insulin like signaling is slowed through
mutating insulin-like receptor or chico (the insulin receptor substrate) (Hwangbo, Gersham, Tu,
Palmer, & Tatar, 2004). Ageing has also been slowed downstream of IGF-1 by mutating
phosphatidylinositol 3-kinase, PDK and AKT (Kenyon, 2010).
Tissues that mediate ageing
Different tissues in Drosophila have been shown to mediate changes in lifespan. Much
work has been done on the Drosophila fat-body but recent research has shown that muscle plays
a role as well. FOXO and its target 4E/BP have been show to delay the decline in muscle
function and extend life span (Demontis & Perrimon, 2010). Protein aggregate accumulation
modulates impaired muscle function and overexpression FOXO and 4E/BP were shown to
decrease protein aggregates (Demontis & Perrimon, 2010). Demontis et al 2014 discovered a
novel pathway in which overexpression of Myoglianin (a putative muscle-released cytokine)
caused up regulation of p38 MAPK in the fat body which led to lifespan extension (Demontis,
Patel, Swindell, & Perrimon, 2014). This demonstrated an increased importance of muscle in the
regulation of ageing.
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Attempts at delay of Sarcopenia
Although research on muscle as a signaling tissue is fairly new, there has been significant
research done on age-related loss of muscle mass, or sarcopenia. Muscle function relies on the
rate of protein synthesis and degradation which is dependent on cellular amino acid levels
(Churchward-Venne, Burd, & Phillips, 2012). There have been two main interventions on how
to potentially slow sarcopenia in humans, resistance training and amino acid supplementation,
and their combination. Resistance training has been shown to be effective and safe in slowing
sarcopenia in the elderly (Roubenoff & Hughes, 2000). There has been significant research done
on supplementation with leucine to help delay sarcopenia. Verhoeven et al. 2009 found no effect
for leucine supplementation on muscle mass or strength (7.5 grams per day) ((Leenders et al.,
2011; Verhoeven et al., 2009). Leenders et al. 2011, looked at men with type 2 diabetes and also
found no effect on muscle mass or strength with leucine supplementation (7.5 grams per day)
(Leenders et al., 2011). These papers did not look at muscle protein synthesis levels. In contrast,
Casperson et al. found improved muscle protein synthesis for the elderly with leucine
supplementation (12 grams per day) (Casperson, Sheffield-Moore, Hewlings, & Paddon-Jones,
2012). A similar result of improved muscle protein synthesis was found in the elderly after 12
hours of fasting when supplemented with .052 grams of leucine per kilogram body weight (Rieu
et al., 2006). All these previous studies were done on elderly men. The negative results could
have been from lower dosing regimen. It is also important to note, that the papers that saw
improvement looked for an improved muscle protein synthesis on the molecular level whereas
the papers that saw negative effects only looked at muscle mass and strength on the
physiological level. Most studies suggest that there is a benefit to leucine supplementation
(Paddon-Jones & Rasmussen, 2009).
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β-Hydroxy-β-Methylbutyrate (HMB) is a derivative of leucine that has also been studied
as a potential supplement for delaying sarcopenia, although it has primarily been looked at for
stimulating anabolic muscle gains. HMB supplementation has been shown in several studies to
improve muscle strength in mice, rats and humans (Eley, Russell, Baxter, Mukerji, & Tisdale,
2007; Vukovich, Stubbs, & Bohlken, 2001; G. J. Wilson, Wilson, & Manninen, 2008; J. M.
Wilson et al., 2012; J. M. Wilson et al., 2013). These studies have generally been focused on
HMB as a potential stimulant for anabolic muscle gains and improved athletic performance and
did not look at sarcopenia. Nevertheless the benefits to muscle strength combined with the
knowledge that HMB is a derivative of leucine, suggests that HMB would be a strong target for
supplementation to delay sarcopenia as well.
Our initial studies have shown HMB delays the age-dependent loss of flight ability in the
Oregon R (wild type laboratory stock) strain of Drosophila (Beattie, 2013, 2014). This effect
has been seen in both male flies and female flies with a supplementation of 10mg of HMB per
1mL of food. This data suggests that HMB may be effective in delaying sarcopenia because
flight ability is a proxy for muscle function.
It has yet to be determined how HMB works in Drosophila. HMB has been shown to
signal the MAPK/ERK pathway and the TOR pathways in myoblasts (stem cell precursors to
muscle) effecting differentiation and survival (Kornasio et al., 2009). HMB signaling has also
been shown to signal the transcription factor FOXO (Girón et al., 2015; Kimura et al., 2014). In
rats, HMB caused increased phosphorylation of FOXO causing decreases in the loss of muscle
mass, lean body mass and shrinkage of the muscle cross-sectional area (Girón et al., 2015).
HMB also increased phosphorylation of FOXO in mouse myoblasts in vitro (Kimura et al., 2014)
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TOR/S6K
TOR/S6K is a highly conserved molecular pathway that has been shown to be
involved in cell growth, cancer, metabolism, apoptosis, protein synthesis, ageing and autophagy
among many other important biological processes. TOR/S6K has been the subject of a great deal
of research because of its role in those processes (Laplante & Sabatini, 2012).
TOR is a serine/threonine kinase. TOR is the main catalytic substrate of the complex
TORC1 which also includes Raptor, MLST8, PRAS40 and DEPTOR. It is called TOR because it
is down regulated by the drug Rapamycin. It takes in many signals and then sends messages
downstream that respond to those signals. For instance, TOR will be signaled to induce cell
growth from a variety of factors including nutrient availability. TOR will then signal other
proteins and transcription factors to induce certain processes. S6K is a kinase that is downstream
of TOR. Up regulation of S6K leads to increased protein synthesis, cell growth and cell
proliferation (Magnuson et al., 2012). Figure 1 shows a somewhat simplified diagram of how
this pathway works.
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Figure 1. This figure shows the current understanding of how the TOR pathway works. TOR
integrates a variety of signals and then in turn sends signals downstream. The amino acid
9

signaling is a likely input of HMB signaling because HMB is chemically similar to leucine. S6K
is at the bottom of the pathway and therefore is required for some of the effects of this pathway
to be seen. (Laplante & Sabatini, 2012)

S6K must be functioning properly for this pathway to have effects. When this protein is
non-functioning, some of the effects of regulation (rate of protein synthesis, rate of lipid
synthesis) of this pathway are not seen of diminished. When this protein is constitutively active
or always on, growth is signaled and Drosophila has a much shorter lifespan (Kapahi et al.,
2004). When this protein is knocked out or always off, Drosophila has an increase of lifespan of
22% (Kapahi et al., 2004).The change in lifespan is a significant and easy to measure change that
occurs. Drosophila that has been fed HMB has also had a significant increase in lifespan
(Beattie, 2013, 2014). This could be because of HMB down regulating S6K through the TOR
pathway. This is puzzling because other evidence suggests that HMB would up regulate TOR
leading to an increase in protein synthesis and an increase in fat free mass.

Drosophila as a Model Organism
Drosophila has been used as a model organism for a variety of different types of studies.
First of all, many pathways particularly related to metabolism are highly conserved meaning
they are very similar to human pathways (Hedges, 2002). Also Drosophila is fairly easy to
induce mutations and genetic changes. The entire genome of Drosophila melanogaster has been
determined (Adams et al., 2000). Drosophila is also easy to care for, control for environment
and test many subjects at a time. Drosophila can more useful than C. elegans because
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Drosophila has more similarities to mammals such as a heart, complex behaviors and a
differentiated brain (Partridge et al., 2011).
Drosophila uses indirect flight muscle to power its flight. Indirect flight muscle has been
studied extensively to understand the structure and mechanics of muscle fibers (Vigoreaux,
2001). Therefore there are many tests available (Flight Test, Wing Beat Frequency, Electron
Microscopy) to test muscle structure and function under different conditions which makes
Drosophila a strong choice for testing muscle supplements.
UAS/GAL4 is a genetic system that was developed in Drosophila to create targeted gene
expression (Brand & Perrimon, 1993). This system works by crossing two genetic strains of
Drosophila, one which contains a specific promoter fused to the sequence for the yeast protein
GAL4 while the other line contains the promoter UAS (upstream activating sequence) fused to
the gene sequence of the target protein (Brand & Perrimon, 1993) (Figure 2). GAL4 binds to the
upstream activating sequence which leads to targeted gene expression only when GAL4 is
present. This system is also used for targeted gene silencing through RNAi. This system has
now been applied in other species including zebrafish. A simple figure of how GAL4-UAS
works is shown below.
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Figure 2. This picture shows how GAL4-UAS works. Using a tissue specific enhancer GAL4 is
expressed and binds to UAS leading to transcription of the protein product for Gene X when the
two strains are crossed. Image taken from (Muqit & Feany, 2002)

Drosophila Food Intake
Dietary Restriction in Drosophila, like in many other species, extends lifespan although
there is a point where too much dietary restriction decrease in lifespan (Partridge, Piper, & Mair,
2005). According to Piper and Partridge 2007 the most likely cause shortened lifespan in high
calorie food is due to a toxic effect(Piper & Partridge, 2007). In female flies, increased high
calorie food can cause increased egg-laying using more energy and blunting the toxic effect of
high calorie food(Piper & Partridge, 2007). Dietary restriction is often used interchangeably with
caloric restriction but in Drosophila caloric restriction does not extend lifespan (Mair, Piper, &
Partridge, 2005). It has been shown that amino-acid imbalance causes an extension of lifespan
through dietary restriction (Grandison et al., 2009). HMB supplementation has caused a
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statistically significant increase in life span (Beattie, 2013).This could be due to molecular
signaling but we previously have not been able to rule out the possibility of dietary restriction
based on food type (HMB containing or non-containing). Drosophila has been shown to prefer
sweet foods (Gordesky-Gold, Rivers, Ahmed, & Breslin, 2008). Drosophila has also been shown
to avoid bitter or high salt food based on feedback through its gustatory system (Montell, 2009).
Nevertheless is it unknown whether Drosophila have a preference to HMB containing food.
Quantifying food intake in Drosophila is difficult for a variety of reasons and it has been
attempted in multiple ways. The common method of measuring the amount of Carbon dioxide
produced is difficult with such a small organism. The CAFE (Capillary Feeder) assay was
designed to allow accurate measurement in real time of feeding (Ja et al., 2007). This method
reshown in Figure 3 from Ja et al 2007 requires Drosophila to eat liquid food (as opposed to
standard cornmeal medium) upside down. Nevertheless, this method allows food intake to be
measured over time.
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Figure 3. This figure from Ja et al 2007 shows the way in which Drosophila drink the
liquid food in a CAFE assay. The authors note that this may make it more difficult for the
Drosophila to eat the food.
The proboscis extension response (PER) is an assay used to measure food preference and
quantification in Drosophila as well as honeybees (Shiraiwa & Carlson, 2007; Wong, Piper,
Wertheim, & Partridge, 2009). Drosophila tastes food with its sensilla which have taste neurons
and then the Drosophila extends its proboscis to eat the food. This test involves watching tubes
of foods at set time points and counting how many flies are extending their proboscis (Wong et
al., 2009). Although this test allows flies to be measured in their tubes it is difficult to determine
this behavior. This test shows how often flies are eating and the authors showed a strong
positive correlation between how often the flies are eating and the total food intake which was
determined using a food dye method.
Many Drosophila scientists have used dyed food to determine food intake (Min & Tatar,
2006; Tanimura, Isono, Takamura, & Shimada, 1982; Wong et al., 2009; Wu, Zhao, & Shen,
2005). Drawbacks to these methods are the timing to egestion of the dye and that the flies have
to be sacrificed for these tests and cannot be tested later in their lifespans. For instance, this
method cannot test all time points in the life cycle although Drosophila may consume foods
differently at different time points. Nevertheless this test is the best tool available to determine
if HMB supplemented food affects the amount of consumption in Drosophila.
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Materials and Methods
Fly stocks.
The fly strains used were UAS-dS6KSTDETE, 24B-GAL4 and the progeny of a cross of
these lines (UAS-dS6KSTDETE /24B-GAL4). The 24B promoter produces GAL4 primarily in the
muscle and fat body and the dS6KSTDETE is a constitutively active phosphor-mimetic form of S6K
(Kapahi et al., 2004). These three strains were either kept on regular cornmeal medium or
cornmeal medium supplemented with 10mg/ml of HMB. The HMB used was supplemented as a
Ca2+ salt. The quantification of food intake was done using Oregon R flies (a wild type
laboratory stock) which was used in Beattie 2013 and Beattie 2014.
Flight test.
The methods for the flight testing were done as previously described in Beattie 2014. The
flies for flight testing were maintained in vials of cornmeal medium (with or without HMB) with
5 male and 5 females in each vial. 6 flies of each sex for each treatment were tested each week
after eclosion for their flight ability. Flies were only selected for testing if they had no visible
defects (broken wing, leg). The flies were selected the day before testing under anesthesia so
that the effects of anesthesia would not affect flight ability. Flies were killed after being tested
six times each. The flight score for each fly was the average of each test. The flight score for the
week was calculated as an average of the flight score for all six flies. Comparing flight scores
between the HMB group and control group was done using a two-tailed student’s t test.
Lifespan studies.
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The starting n number for each sex of the parental strain was 50 flies for the lifespan
study. The starting n number for each sex of the UAS-dS6KSTDETE /24B-GAL4 strain was 75
flies for the lifespan study. The flies were kept in vials of standard food medium with 5 male
and 5 female flies in each vial. The flies were transferred to fresh food every two days and the
number of dead flies was counted. Flies that were stuck in the food were excluded from the
study. The flies were transferred until there were no flies remaining.
Quantification of food intake.
The quantification of food intake was done as previously described in Wong et al. 2009
with the following modifications. The flies were separated from standard stock bottles one week
after eclosion. The flies were anesthetized using CO2 six hours prior to testing and put into vials
of standard cornmeal medium with 5 male flies and 5 female flies. The flies were starved prior
to the test for a period of 2 or 6 hours to ensure that they would consume food during this time
period. Starvation was done by transferring the flies into vials with a 1 percent agar gel on the
bottom. After starvation the flies were put onto vials of food with 2.5 percent (w/v) F D C blue
dye number one. The food also was standard cornmeal medium without and with 10mg/ml of
HMB. All flies were tested at 9:30 PM Eastern Standard Time due to time of day based eating
habits of Drosophila due to circadian rhythms. All flies tested were of the Oregon (OR) strain.
The flies were washed twice in ddH2O to ensure no food was stuck to their cuticle, wings or legs.
The flies were homogenized in 1.1 mLddH2O. The homogenized flies were centrifuged for 5
minutes at 14,000 rpm prior to being filtered through a .22 micron filter. The solution was then
measured on a spectrophotometer. The spectrophotometer was blanked with a solution which
was made by taking 5 sex-matched flies that had not eaten blue food and put through the same
process as the experimental flies.
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The statistical analyses were done on Microsoft Exceltm except for the log rank test which
was done using Jmp11tm.
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Results
Three types of experiments were done for this study, flight tests, lifespan tests and food
intake tests. The purpose of the flight tests was to determine if the HMB’s effect of delaying the
loss of flight ability would still be seen in a Drosophila strain with constitutively active S6K
primarily expressed in the muscle. The parental lines were used as controls for this test.
Similarly, the purpose of the lifespan tests was to determine if HMB’s effect on lifespan
was still seen in a Drosophila strain with constitutively active S6K primarily expressed in
muscle. Once again the parental lines served as controls for this test.
The purpose of the food intake tests were to determine if HMB caused differential food
intake in Drosophila. This test did not have the same conditions as the other tests was intended
to, so this was a preliminary test and not directly applicable to the other tests (lifespan and flight
ability). Nevertheless, it was important to get a preliminary idea if HMB is causing differential
food intake.

Flight Ability
The following graphs show the average flight scores for each test group for the indicated
number of weeks following eclosion. Six flies were tested each week unless otherwise noted. If
less flies were tested than six this was either because of flies dying the day before testing or not
enough flies were remaining alive to test.
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The 24B/GAL4 line produces the protein GAL4 primarily in the muscle tissue. Figures 4
and 5 show the results from testing the flight ability of this line for each week of their lifespan.
The flies showed a progressive decline in flight ability with age as seen in other studies (Beattie
2013, 2014). In week 4, the 24B/GAL4 Males supplemented with HMB scored significantly
higher than the control group which was not supplemented HMB (Figure 4). The 24B/GAL4
females did not show statistically different flight ability in any weeks when supplemented with
HMB as compared to the control line (Figure 5).

24B/GAL4 Males
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Figure 4. Flies were tested from week 1 to week 5 for flight ability. In week 4, flies
supplemented with HMB showed statistically significant (p<0.05) better flight ability compared
to same age control (no HMB). (n = 4, week 5 for HMB and non HMB). Error bars represent
standard error of mean.
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24B/Gal4 Females
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Figure 5. Flies were tested from week 1 to week 5 for flight ability. There was no statistically
significant difference in flight ability between the HMB supplemented flies and the flies reared
on standard cornmeal medium. (n= 3, Week 5 HMB) (n= 5, Week 5 no HMB). Error bars
represent standard error of mean.

20

The UAS- dS6KSTDETE line was also used as a control line for the experimental
constitutively active S6K line. The following two graphs show the results of the lines flight test
for each week of their lifespan. The flies experienced a progressive decline in lifespan with age.
In week three, the UAS-dS6KSTDETE females scored significantly higher than the control group
(Figure 7). The UAS-dS6KSTDETE males did not show statistically significantly improved flight
ability in any weeks when supplemented with HMB.
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Figure 6. Flies were tested from week 1 to week 5 for flight ability. There was no statistically
significant difference in flight ability between the HMB supplemented flies and the flies reared
on standard cornmeal medium. (n = 5, Week 5 HMB)(n=3, Week 5 no HMB). Error bars
represent standard error of mean.
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Figure 7. Flies were tested from week 1 to week 5 for flight ability. In week 3, the flies
supplement with HMB showed statistically significant (p <0.05) better flight ability. (n= 2,
Week 5 HMB)(n=2, Week 5 no HMB) Error bars represent standard error of mean.
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The UAS-dS6KSTDETE /24B-GAL4 line produces a constitutively active phosphomimetic
S6K primarily in the muscle. The following two graphs show the results of the flight tests
performed every week until the death of this line. A progressive decline in flight ability is seen
in both the males and the females. The flight ability is lost particularly quickly in this line with
flights cores almost a complete loss of flight ability seen by week 4. HMB supplementation did
not cause a statistically significant loss in flight ability in any weeks in either the male or female
flies.

Male UAS-dS6KSTDETE /24B-GAL4
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Figure 8. Flies were tested from week 1 to week 4 for flight ability. There was no statistically
significant difference in flight ability between the HMB supplemented flies and the flies reared
on standard cornmeal medium. Error bars represent standard error of mean.
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Female UAS-dS6KSTDETE /24B-GAL4
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Figure 9. Flies were tested from week 1 to week 4 for flight ability. There was no statistically
significant difference in flight ability between the HMB supplemented flies and the flies reared
on standard cornmeal medium. Error bars represent standard error of mean.
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Survivorship
The survivorship tests or lifespan tests were done by counting the dead flies every two
days until none remained. The flies were switched onto fresh cornmeal medium every two days.
Flies that died due to being stuck in the food were censored from the test and not counted among
the dead flies.
The following graphs represent the results from the survivorship tests. These results were
then used for a log-rank test (table 1) which is a non-parametric right skewed statistical test used
for comparing the time to death of two groups. Previously, HMB had been shown to increase the
lifespan of OR flies (Beattie, 2013). In this study, HMB did not statistically affect the lifespan of
any groups.
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The 24B-GAL4 line was used as a control line for the constitutively active S6K line. The
following two graphs show the survivorship curves of both 24B-GAL4 male and female flies
when supplement with HMB and without. The amount of flies alive began to decrease quickly
around week 4 in both the male and female flies.

Female 24B-GAL4
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Figure 10. Dead flies were counted every 2 days until no flies remained. The maximum
lifespan for flies supplemented with HMB was 45 days ±1 day while the maximum lifespan for
flies not supplemented with HMB was 41 days ± 1 day.
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Figure 11. Dead flies
lies were counted every 2 days until no flies remain
remained.. The maximum lifespan
for flies supplemented with HMB was 39 days ±1
1 day while the maximum lifespan for flies not
supplemented with HMB was 41 days ± 1 day.
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The UAS-dS6KSTDETE line was also used as a control line for the constitutively active
S6K line. The following two graphs represent the survivorship curves for both female and male
flies when supplemented HMB or without HMB supplementation. The amount of flies
remaining began
an to drop quickly around 25 days in both the male and female flies.

lies were counted every 2 days until no flies remain
remained.. The maximum lifespan
Figure 12. Dead flies
for flies supplemented with HMB was 39 days ±1
1 day while the maximum lifespan for flies not
supplemented with HMB was also 39 days ± 1 day.
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Figure 13. Dead flies
lies were counted every 2 days until no flies remained.. The maximum
lifespan for flies supplemented with HMB was 39 days ±1 day while the maximum
ximum lifespan for
flies not supplemented with HMB was 37 days ± 1 day.

29

The UAS-dS6KSTDETE /24B-GAL4 was the constitutively active S6K line. The following
two graphs represent the survivorship curves for both the male and female flies. Both male and
female flies appeared to live shorter than the parental line although since this line and the
parental lines were not done concurrently it would be improper to compare them statistically.
The amount of flies remaining began to drop quickly around day 20.

Female UAS-dS6KSTDETE /24B-GAL4
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Figure 14. Dead flies were counted every 2 days until no flies remained. The maximum lifespan
for flies supplemented with HMB was 31 days ±1 day while the maximum lifespan for flies not
supplemented with HMB was also 31 days ± 1 day.
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Figure 15. Dead flies were counted every 2 days until no flies remained.. The maximum lifespan
for flies supplemented with HMB was 31 days ±1
1 day while the maximum lifespan for flies not
supplemented with HMB was 29 days ± 1 day.
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The following three tables represent the previously shown survivorships data. Table 1
shows the results of a log-rank test comparing the time to death of flies supplemented with HMB
to flies not supplemented with HMB for each line tested. No statistically significant difference
was seen. Table 2 shows the median age, interquartile range and maximum age for each line
tested without HMB. Table 3 shows the same data for the flies supplemented with HMB.
Drosophila UASstrain

S6K

UAS-S6K

24B-

24B-

24B-

24B-

Female

GAL4

GAL4

GAL4/UAS-

GAL4/UAS-

Male

Female

S6K Male

S6K Female

0.1321

0.6957

1.3261

0.7963

Male
Chi

0.1268

0.3156

Square
Value
Table 1. This table shows the results of log-rank tests for each strain between the HMB and
non-HMB groups. The log-rank test is a non-parametric test to compare censored survivorship
data. Results would be significant at p<0.05.
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Female 24B/GAL4
Male 24B/GAL4
Female UAS-dS6KSTDETE
Male UAS-dS6KSTDETE
Female UAS-dS6KSTDETE /24B-GAL4
Male UAS-dS6KSTDETE /24B-GAL4

Median Age Interquartile Range
Maximum Age
33
6
41
31
9
41
33
8
39
31
8
37
23
7
31
25
8
31

Table 2. This table shows the median age, interquartile range and maximum age for all the lines
tested without HMB supplementation. All results are plus or minus one day.
Median
Age
Female 24B/GAL4 (HMB)
Male 24B/GAL4 (HMB)
Female UAS-dS6KSTDETE (HMB)
Male UAS-dS6KSTDETE (HMB)
Female UAS-dS6KSTDETE /24B-GAL4 (HMB)
Male UAS-dS6KSTDETE /24B-GAL4 (HMB)

Interquartile
Range
33
31
33
31
25
25

Maximum
Age
8
8
6
8
6
4

45
39
39
39
31
33

Table 3. This table shows the median age, interquartile range and maximum age for all the lines
tested with HMB supplementation. All results are plus or minus one day.
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Food Intake
The following graphs represent the spectrophotometric data from the food intake assay.
The codes 12 and 123 are codes for the HMB and non
non-HMB
HMB supplemented foods but
b I do not
know which code represents which food because I wanted to remain blinded at the time of the
completion of this thesis so that I can still do more tests. 6 hour starved male flies ate
significantly more of food 123 (Figure 19)
19). 6 hour starved females and 2 hour starved male and
females showed no statistical difference in food intake.

Figure 16. Flies were homogenized in water and measured on a spectrophotometer to determine
intake of food dye. The n for food 12 was 5 while the n for food 123was 6.. There was
borderline statistically significant difference in the food consumed (p
(p=0.05483).
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Figure 17. Flies were homogenized in water and measured on a spectrophotometer to determine
intake of food dye. The n for food 12 was 5 while the n for food 123 was 6. There was no
statistically significant difference in the food consumed (p
(p=0.6802).

Figure 18. Flies were homogenized in water and measured on a spectrophotometer to determine
intake of food dye. The n for food 12 and for food 123 was 5. There was no statistically
significant difference in the food consumed (p
(p=0.2357).
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6 Hour Starvation OR Males
0.4
0.35

12

123

*

0.3
0.25
Absorbance 0.2
0.15
0.1
0.05
0

Figure 19. Flies were homogenized in water and measured on a spectrophotometer to determine
intake of food dye. The n for food 12 and for food 123 was 5. There was a statistically
significant difference in the food consumed (p=0.0250).
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Discussion
Flight Ability
These results suggest that HMB does help delay the loss of flight ability in Drosophila.
HMB did significantly delay the loss of flight ability in UAS-dS6KSTDETE females (week 3) and
24B-GAL4 males (week 4) (Figure 4, Figure 7). Nevertheless, HMB did not significantly delay
the loss of flight ability in UAS-dS6KSTDETE males and 24B-GAL4 females (Figure 5, Figure 6).
HMB also did not significantly delay the loss of flight ability in the UAS-dS6KSTDETE /24BGAL4 line (males and females).
It is likely that HMB did not significantly delay the loss of flight ability in the UASdS6KSTDETE males and 24B-GAL4 females due to the high variance in flight scores in these lines.

The variance was likely so high because the loss of flight ability in these lines occurred at a fairly
young age (Figure 5, Figure 6) compared to previous studies with OR flies (Beattie, 2013, 2014).
Since flight ability was lost so quickly, some flies still had high flights scores while others from
the same week had low flight scores. For instance, in week 4 of the 24B/GAL4 females, one fly
that was not supplemented HMB had a score of 5.6667 whereas the remaining five flies all had
scores under 1. This led to a standard error of mean for that week of .9228. The female flies that
were supplemented HMB scored 2.333 and flies not supplemented HMB only scored 1.0556.
Despite this seemingly large difference, the scores were not statistically significantly different
because of such standard error of means. HMB also did not significantly delay the loss of flight
ability in UAS-dS6KSTDETE /24B-GAL4 males and females (Figure 8, Figure 9).
This data also suggests that HMB’s effect is mediated through TOR/S6K because HMB
did not statistically significantly delay the loss of flight ability in the constitutively active S6K
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line. If HMB was not working through S6K the effects of HMB would still likely be seen
because other signaling pathways were not altered in the constitutively active S6K line.
Nevertheless there are limitations to this interpretation. Firstly, not all of the parental lines saw a
statistically significant delay in the loss of flight ability. Also the constitutively active S6K line
lived about one week shorter than the parental lines (Tables 2, 3), (the parental lines and
constitutively active S6K line were not tested concurrently and therefore cannot statistically be
compared because the temperature and humidity conditions may not have been the same).
Normally, when testing flight ability over lifespan the loss of the flight ability occurs over a span
of a few weeks, but flight ability in the UAS-dS6KSTDETE /24B-GAL4 line was almost completely
lost from week 2 to week 3. Therefore the testing may have been too infrequent to properly
determine if HMB delayed the loss in flight ability. For instance, there could have been
significantly better flight in the HMB supplemented UAS-dS6KSTDETE /24B-GAL4 line at 2.5
weeks but since there was no test done at that time point it is impossible to know. It is also
possible that some of the constitutively active S6K only blunted some of HMB’s effect. For
instance if HMB signals TOR the effects on the autophagy part of the TOR pathway would still
be seen in the UAS-dS6KSTDETE /24B-GAL4 line (Figure 1). Demontis and Perrimon 2010
showed that the accumulation protein aggregates in muscle is associated with impaired muscle
function. Therefore if HMB upregulates autophagy through TOR leading to a decrease in
protein aggregates in the muscle there would likely be improved muscle function later in life.
This effect would still be seen in UAS-dS6KSTDETE /24B-GAL4 line because the autophagy part
of the TOR pathway is not mediated through S6K. Therefore if HMB’s effect on flight ability
occurs through upregulation of protein synthesis and autophagy the constitutively active S6K
line would still see a blunted effect on flight ability. This could be why both male and female
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constitutively active lines saw higher flight scores with HMB in the later weeks but not
statistically different. Also the n number of 6 flies each week may be too low for the
constitutively active lines particularly because of the high variance often seen in the later weeks
of the trials (similarly to the parental lines that did not show statistically different flight ability
mentioned above). Also since some recent research suggests that HMB effect on muscle is
mediated through FOXO perhaps testing flies with a genetic change in that pathway would also
show HMB’s effect on the delay of muscle diminished (Girón et al., 2015; Kimura et al., 2014).
Finally, there may be differential food intake due to HMB supplementation (although the food
intake tests do not directly correspond to the flight ability tests) so we need to better understand
the total food intake over the lifespan of the flies.

Lifespan
All tests showed no statistical difference in lifespan between HMB supplemented flies
and the control groups (Table 1). These results do not suggest that HMB affects lifespan. In
some prior studies, HMB did lengthen lifespan (Beattie, 2013, 2014) but HMB did not increase
lifespan in my studies. This could be because the transgenic parental lines only lived around half
as long as OR flies live. The parental lines were expected to have short lifespans (Kapahi et al.,
2004). Therefore there may not be enough time or long-term signaling of HMB to cause an
increase in lifespan. It could also be because the premature deaths of these parental lines occur
through disruption of some molecular mechanism that HMB does not signal. This is not
particularly likely because the constitutively active S6K line had a lifespan over 22 percent
shorter therefore S6K still had an important role in ageing. Considering HMB supplementation
did not increase lifespan in the parental lines it was unsurprising that HMB showed no effects on
lifespan in the constitutively active S6K line. This is also because if HMB does affect lifespan
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through S6K no effect would be seen. There also could be some sort of counteracting effect due
to differential food intake but this would be speculative.

Food Intake
The results from the food assay may suggest differential caloric intake throughout
our studies but at this stage it is still too early to know. Differential eating was seen in male flies
after a six-hour starvation period but this does not reflect normal lab conditions (for flight tests
and survivorship tests) where flies can eat any time they please. For instance, this testing was
only done at 9:30 pm and there could be a different effect due to HMB at different points in the
day. The Drosophila gustatory system (taste-sensing) is more sensitive during the
day(Chatterjee, Tanoue, Houl, & Hardin, 2010). Considering HMB was supplemented as a
calcium salt and Drosophila avoid high salt foods based on taste (Montell, 2009), we would see
more of a difference in eating of the food during the day. Conversely, the Drosophila olfactory
system is particularly sensitive at night(Krishnan, Dryer, & Hardin, 1999). Therefore, testing at
9:30 pm may be more about how the food smells rather than how it tastes. This knowledge
suggests round the clock testing could be important in understanding any effect or effects of
HMB on feeding habits.
Interestingly, there was no significant difference in the 2 hour starvation period. Perhaps
there is a difference but the compounding errors and low absorbance scores make it difficult to
find significant difference. Also there could be opposite effects occurring that cancel each other
out such as Drosophila avoiding the HMB food through its gustatory system because of the salt
but inversely being signaled through TOR to eat more due to an increase in protein synthesis due
to HMB. Future tests should test HMB’s effect on TOR nutritional based feedback as well as
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any potential effects of HMB on the gustatory or olfactory systems. More trials would also be
an important next step in this assay. The significant difference of male flies at the six hour
period is somewhat surprising because after such a long starvation period it would seem likely
that the flies would eat as much as possible regardless of the food because of their need for
calories. Laboratory flies can go up to a 24 hour starvation period for certain tests so perhaps six
hours is not an unreasonable time (Shiraiwa & Carlson, 2007). Also this assay could be
improved by testing more flies at a time so that the absorbance readings are not so low for short
starvation times. This information does call into question the previous effect of lifespan
lengthening due to HMB although this assay is still not a legitimate proxy for lifelong
consumption. The lengthening of lifespan in HMB supplement flies could be due to lower
consumption of food considering that amino acid imbalance does lengthen lifespan (Grandison et
al., 2009). Conversely if food supplemented with HMB causes increased eating this could lead
to increased muscle protein synthesis and improved flight.

Future Studies
Firstly, it is imperative to determine if HMB causes differential eating throughout the
lifespan of whatever Drosophila strain that is being tested. Using the dye testing method each
week of their lifespan could potentially work similarly to the how the flight ability is tested
weekly. Perhaps the PER assay (see introduction) (Wong et al., 2009) is the next best step in
determining if HMB effects food intake. This assay does not require flies to be killed and they
can be tested in their vials as they normally live throughout the duration of a lifespan assay. A
new dynamic high-throughput assay to compare food intake could be a significant contribution
to this field.
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Future studies should also test if HMB works through dFOXO considering recent
research has shown HMB signaling dFOXO to improve muscle strength in rats (Girón et al.,
2015). This could be done similarly to this work but use GAL4/UAS to knock down dFOXO.
Future studies should also test molecularly if HMB has affected muscle protein synthesis in
Drosophila. It would also be interesting to study in what tissues HMB signaling primarily works
through using different conditional knockouts. All further studies in Drosophila should attempt
to use HMB that is not supplemented as Ca 2+ salt. There is still significant study to be done on
HMB and its mechanism and potential affects as a supplement to delay sarcopenia.
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